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We present the results of indirect searches for Weakly Interacting Massive Particles (WIMPs),
with 1679.6 live days of data from the Super-Kamiokande detector using neutrino-induced upward
through-going muons. The search is performed by looking for an excess of high energy muon
neutrinos from WIMP annihilations in the Sun, the core of the Earth, and the Galactic Center,
as compared to the number expected from the atmospheric neutrino background. No statistically
significant excess was seen. We calculate the flux limits in various angular cones around each of
the above celestial objects. We obtain conservative model-independent upper limits on the WIMP-
2nucleon cross-section as a function of WIMP mass, and compare these results with the corresponding
results from direct dark matter detection experiments.
PACS numbers: 95.35.+d, 14.80.-j
I. INTRODUCTION
There is growing evidence which indicates that the
universe contains, at all length-scales, “dark matter”
which does not emit or absorb electromagnetic radia-
tion at any known wavelength, but manifests itself only
through gravity [1]. Recent data from WMAP and other
CMB experiments, large-scale structure surveys, Lyman-
α forest, Type 1a supernovae etc. [2, 3, 4, 5, 6] point
with increasing accuracy towards a standard cosmologi-
cal model [7, 8], in which the universe is flat, with about
5% baryons, 25% non-baryonic dark matter, and about
70% dark energy. In this model, the non-baryonic dark
matter consists of “Cold Dark Matter” particles, which
decoupled from rest of the matter and radiation while
moving at non-relativistic velocities [9, 10].
Weakly Interacting Massive Particles (WIMPs) are one
of the plausible cold dark matter candidates [11, 12].
WIMPs are stable particles which are predicted to oc-
cur in extensions of the standard model, such as super-
symmetry. WIMPs undergo only weak-scale interactions
with matter, and could have masses in the GeV-TeV
range. If WIMPs exist, their relic abundance (which is
governed by electroweak scale interactions) is remarkably
close to the inferred density of dark matter in the uni-
verse [13]. The lightest supersymmetric particle (LSP) of
supersymmetric theories is the most theoretically well de-
veloped WIMP candidate [14, 15]. Most SUSY theories
contain a multiplicatively conserved quantum number
called R-parity, where R-parity is equal to 1 for ordinary
standard model particles, and is equal to −1 for their
supersymmetric partners [11]. If R-parity is conserved,
superpartners can form and decay only in pairs. Thus,
the LSP is stable and hence should be present in the
Universe as a cosmological relic from the Big Bang. The
most likely candidate for this LSP is the neutralino [15].
The neutralino χ˜ is a linear combination of the super-
symmetric particles that mix after electroweak-symmetry
breaking:
χ˜ = a1γ˜ + a2Z˜ + a3H˜1 + a4H˜2, (1)
where γ˜ and Z˜ are the supersymmetric partners of the
photon and the Z boson, and H˜1 and H˜2 are the super-
symmetric partners of the Higgs bosons (Higgsino). The
current lower limit on neutralino mass, without assum-
ing anything about the SUSY breaking mechanism, and
taking into account the results from LEP2 data, is about
18 GeV [16]. The upper limit on neutralino mass depends
on the model assumed for SUSY breaking, and ranges
from 500 GeV in some models [17] and up to 10 TeV in
other models [18].
In this paper, we perform an indirect search for WIMP
dark matter using the Super–Kamiokande detector, by
looking for a high energy neutrino signal resulting from
WIMP annihilation in the Earth, the Sun, and the Galac-
tic Center. The signature would be an excess of neutrino-
induced events coming from the direction of these objects
over the background expected from atmospheric neutri-
nos. Such a search is complementary to direct detection
experiments, which look for direct interaction of WIMPs
with a nucleus in a low background detector. However,
both direct and indirect detection experiments probe the
coupling of WIMPs to nuclei. We then compare our re-
sults with those of direct detection of dark matter exper-
iments.
II. INDIRECT WIMP SEARCHES USING
NEUTRINO-INDUCED MUONS
If WIMPs constitute the dark matter in our galac-
tic halo, they will accumulate in the Sun [19] and the
Earth [20, 21]. When their orbits pass though a celes-
tial body, the WIMPs have a small but finite probability
of elastically scattering with a nucleus of that body. If
their final velocity after scattering is less than the escape
velocity, they become gravitationally trapped and even-
tually settle into the center of that body. WIMPs which
have accumulated this way annihilate in pairs, primar-
ily into τ leptons, b, c and t quarks, gauge bosons, and
Higgs bosons, depending upon their mass and composi-
tion. As the WIMP density increases in the core, the
annihilation rate increases until equilibrium is achieved
between capture and annihilation, making the annihila-
tion (each of which involves two captured WIMPs) rate
half of the capture rate. High energy muon neutrinos
are produced by the decay of the annihilation products.
The expected neutrino fluxes from the capture and an-
nihilation of WIMPs in the Sun and the Earth depend
upon several astrophysical parameters: the WIMP mean
halo velocity (vχ ∼ 220 km s
−1), the WIMP local den-
sity (ρχ ∼ 0.3 GeV cm
−3), the WIMP-nucleon scatter-
ing cross-section; and the mass and escape velocity of
the celestial body. WIMPs undergo two kinds of inter-
actions with the celestial bodies: axial vector interac-
tions in which WIMPs couple to the spin of the nucleus;
and scalar interactions in which WIMPs couple to the
mass of the nucleus [22]. For the Earth, WIMPs mainly
undergo scalar interactions, since the abundance of nu-
clei with odd mass number (which are needed for spin
coupling) is extremely small [23]. In the Sun, WIMPs
interact through both scalar as well as axial vector inter-
actions (due to the large abundance of hydrogen). There
are many calculations of the expected neutrino fluxes
from WIMP capture and annihilation in the Sun and the
Earth [20, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33].
3It has been also pointed out that cold dark matter near
the Galactic Center can be accreted by the central black
hole resulting in a dense spike in the density distribu-
tion [34]. WIMP annihilations in this spike would make
it a compact source of high energy neutrinos. The flux
of these neutrinos depends on the density profile of the
inner dark matter halo. Halos with isothermal or finite
cores produce a negligible flux of neutrinos, while halos
with inner density cusps produce an appreciable flux of
neutrinos [34].
Energetic neutrinos coming from WIMP annihilation
in the Sun, the Earth, and the Galactic Center could
be detected in neutrino detectors. The mean neu-
trino energy ranges from 1/3 to 1/2 the mass of the
WIMP, i.e. from about 5 GeV to 5 TeV. In this energy
range, neutrino-induced upward through-going muons
from charged current interactions provide the most ef-
fective signatures in Super-Kamiokande.
III. WIMP ANALYSIS WITH SUPER–K
The Super–Kamiokande (“Super–K”) detector is a
50,000 ton water Cherenkov detector, located in the
Kamioka-Mozumi mine in Japan with 1000 m rock over-
burden. For this analysis, Super-K consisted of an inner
detector with 11,146 inward-facing 50 cm photomultiplier
tubes (PMTs) and an outer detector equipped with 1885
outward-facing 20 cm PMTs, serving as a cosmic ray veto
counter. More details about the detector can be found in
Ref. [35]. The data used in this analysis was taken from
April 1996 to July 2001, corresponding to 1679.6 days of
detector livetime.
Upward through-going muons in Super–K are mainly
produced by interactions of atmospheric νµ in the rock
around the detector and are energetic enough to cross
the entire detector. The effective target volume extends
outward for many tens of meters into the surrounding
rock and increases with the energy of the incoming neu-
trino, as the high energy muons resulting from these in-
teractions can travel longer distances to reach the de-
tector. Thus, upward through-going muons represent
the highest energy portion of the atmospheric neutrino
spectrum observed by Super–K, and the correspond-
ing parent neutrino energy spectrum peaks at ∼ 100
GeV [36]. The downward-going cosmic ray muon rate
in Super–K is 3 Hz, making it impossible to distinguish
any downward-going neutrino-induced muons from this
large background of downward-going cosmic ray muons.
Hence we restrict our analysis to upward-going muons.
Reconstruction of a muon event is performed using
the charge and timing information recorded by each hit
PMT. Muons are required to have ≥ 7 meters measured
path length (Eµ > 1.6 GeV) in the inner detector. The
effective detector area for upward through-going muons
with this path length cut is ∼ 1200 m2. For each event,
we obtain the arrival direction and time. After a final
precision fit and visual scan, 1892 upward through-going
muon events have been observed. The detector angu-
lar resolution for upward through-going muons is about
1◦. More details of the data reduction procedure for se-
lecting upward going muons can be found in Ref. [37].
The sample described above is contaminated by some
downward-going cosmic ray muons close to the horizon,
which appear to be upward-going due to the tracking an-
gular resolution of the detector and multiple Coulomb
scattering in the rock. The total number of such non-ν
background events has been estimated to be 14.4 ± 9.4,
all contained in the −0.1 < cosΘ < 0 bin, where Θ is
the zenith angle. With the 7 m path-length cut, the con-
tamination from photoproduced upward going pions from
nearby downward-going cosmic ray muons is estimated to
be < 1% [38].
The expected background due to interactions of at-
mospheric ν’s in the rock below the detector is eval-
uated with Monte Carlo simulations. These simula-
tions, which were generated using the Nuance neutrino
simulation package [39], use the Bartol atmospheric ν
flux [40], the GRV-94 parton distribution function [41],
energy loss mechanisms of muons in rock from Ref. [42],
and a GEANT-based detector simulation. There is a
20% uncertainty in the prediction of absolute upward-
going muon flux. Analysis of the most recent Super-K
data [43, 44] of upward going muons and contained events
is consistent with νµ → ντ oscillations with best fit val-
ues given by : sin2 2θ ≃ 1 and ∆m2 ≃ 2× 10−3eV2. For
evaluating our background, we suppress the atmospheric
muon neutrino flux due to oscillations from νµ to ντ using
these oscillation parameters.
The distribution of upward through-going muons with
respect to the Earth is shown in Fig. 1. For the Sun,
there is an additional background of high energy neutri-
nos resulting from cosmic ray interactions in the Sun, but
this is negligible compared to the observed atmospheric
ν flux and hence can be neglected [45, 46]. Normaliza-
tion was done by constraining the total number of Monte
Carlo events to be equal to the observed events, after
taking oscillations into account. In order to compare the
expected and observed distribution of upward through-
going muon events with respect to the Sun and Galac-
tic Center, each Monte Carlo event was assigned a time
sampled from the observed upward through-going muon
arrival time, in order to match the livetime distribution
of the observed events. This procedure allows us to ob-
tain the right ascension and declination for every Monte
Carlo event, from which the angle between the upward
muon and any celestial object can be estimated. The dis-
tribution of upward muons with respect to the Sun and
the Galactic Center is shown in Figs. 2 and 3 respectively.
IV. RESULTS FROM WIMP SEARCHES
We searched for a statistically significant excess of
muons in cones about the potential source of neutrinos,
with half angles ranging from 5 to 30 degrees. This en-
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FIG. 1: Zenith angle distribution of upward through-going
muons with respect to the center of the Earth along with com-
parison against the expected flux. The black circles indicate
observed data along with statistical uncertainties. Hatched
regions indicates the background from atmospheric neutri-
nos, the solid lines indicate the atmospheric neutrino back-
ground after taking into account neutrino oscillations with:
sin2 2θ = 1.0 and ∆m2 = 2× 10−3eV2. The hatched region in
−1.0 < cos(Θ) < −0.866 range indicates the angular region
where WIMP searches were done.
sures that we catch 90% of the signal for a wide range of
WIMP masses, as smaller masses produce a wider angu-
lar distribution of neutrinos. Searching in different cone
angles allows us to optimize the signal to background
ratio as a function of neutralino mass.
The distribution of data and Monte Carlo (both with
and without oscillations) in different angular regions
ranging from 5 to 30 degrees around the center of the
Earth, the Sun and the Galactic Center is shown in
Figs. 4, 5 and 6 respectively. There was no statisti-
cally significant excess that was seen in any half angle
cones up to 30◦. We calculate the flux limit of excess
neutrino-induced muons in each of the cones. The flux
limit is given by :
Φ(90%CL) =
N90
E
(2)
where N90 is the upper Poissonian limit (90% CL) given
the number of measured events and expected background
[47] (due to atmospheric neutrinos after oscillations), and
E is the exposure given by equation:
E = ǫ×A× T (3)
where A is the detector area in the direction of the ex-
pected signal ; ǫ is the detector efficiency which is≈ 100%
for upward through-going muons; and T is the experi-
mental livetime.
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FIG. 2: Angular distribution of upward through-going muons
with respect to the Sun. All symbols are same as in Fig. 1.
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with respect to the Galactic Center. All symbols are same as
in Fig. 1.
The comparison of Super-K flux limits with searches
by other experiments is shown in Figs. 7–9. All the
other experiments have muon energy thresholds around
1 GeV. The upward muon flux limits for the Earth and
the Sun by MACRO, Kamiokande, Baksan, and IMB
are in Refs. [49, 50, 51, 52] respectively, and those
for the Galactic Center by the above detectors are in
Refs. [53, 54, 55, 56] respectively. We also find that
varying the oscillation parameters and choosing values
corresponding to the boundaries of the 90 % confidence
level allowed region does not change the flux limits within
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FIG. 4: The expanded view of the zenith angle distribution
of upward through-going muons around the Earth’s center
(Fig. 1). All symbols are same as in Fig. 1.
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FIG. 5: The expanded view of the angular distribution of
upward through-going muons around the Sun (Fig. 2). All
symbols are same as in Fig. 1.
the first 20 degrees from the celestial object. Only in the
largest half angle cones (half angle 30 degrees) does the
flux limit vary by as much as ±10 %. In this paper all
results are reported with the above best-fit oscillation
parameters.
Once WIMPs are captured in the Sun and the Earth
they settle to the core with an isothermal distribution
equal to the core temperature of the Sun or of the
Earth [48]. While the Sun is effectively a point source of
energetic neutrinos resulting from WIMP annihilations,
 Cone Half-Angle (degrees)
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FIG. 6: The expanded view of the angular distribution of
upward through-going muons around the Galactic Center
(Fig. 3). All symbols are same as in Fig. 1.
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FIG. 7: Comparison of Super-K 90 % CL excess neutrino-
induced upward muon flux limits from the Earth in cone half-
angles ranging from 5◦ to 30◦ along with those from other
experiments.
the Earth is not a point source for WIMPs with mass less
than 50 GeV. For the Earth, the angular shape of the an-
nihilation region has been estimated to be : [28, 48]
G(Θ) ≃ 4mχβe
−2mχβ sin
2
Θ (4)
where Θ is the nadir angle, β is a parameter depending on
the central temperature, the central density and radius
of the Earth. In addition, muons deviate from the in-
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FIG. 8: Comparison of Super-K 90 % CL excess neutrino-
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experiments.
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FIG. 9: Comparison of Super-K 90 % CL excess neutrino-
induced upward muon flux limits from the Galactic Center in
cone half-angles ranging from 5◦ to 30◦ along with those from
other experiments.
coming direction of their parent neutrino due to multiple
coulomb scattering of the muon.
We used the Monte Carlo simulations done in Ref. [50]
to calculate the angular windows for the Sun and the
Earth, which contain 90% of the signal for various neu-
tralino masses, taking into account the spread because
of neutrino physics as well as the finite angular size of
the WIMP annihilation region for the Earth. The sim-
ulations assumed that 80% of the annihilation products
are from bb¯, 10% from cc¯ and 10% from τ+τ−. However
the neutrino-muon scattering angle is mainly dependent
on the neutralino mass, and does not change much with
different branching ratios [49]. For the case of the Earth,
cones of half-angle 2◦ and 22◦ contain 90% of the signal
from WIMPs with masses of 10 TeV and 18 GeV respec-
tively. The corresponding numbers for the Sun are 1.5◦
and 19◦ for WIMPs with masses of 10 TeV and 18 GeV
respectively. The corresponding cone half-angle for other
intermediate masses can be found in Ref. [50].
Using these windows, 90% confidence level flux limits
can be calculated as a function of neutralino mass, us-
ing cones which collect 90% of expected signal for any
given mass and after correcting for the collection effi-
ciency of the cones. These flux limits as a function of
neutralino mass are shown in Figs. 10 and 11 for the
Earth and the Sun respectively, along with similar limits
from AMANDA [57], BAKSAN [55], MACRO [49]. The
Super-K limits have been plotted from 18 GeV up to 10
TeV. The lower limit of 18 GeV is the minimum WIMP
mass for which at least 90% of the upgoing muon signal
would be through-going, rather than stopping upward
muons. These limits can be compared with theoretical
expectations from SUSY models.
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FIG. 10: Super-K WIMP-induced upward muon flux limits
from Earth as a function of WIMP mass along with those
from other detectors.
For the case of the galactic center, the apparent size
of the annihilation region is less than 0.05◦ [34]. Hence
the Galactic Center can be considered a point source
for WIMP annihilation, and the angular point spread
function is same as that for the Sun. These flux limits,
as a function of neutralino mass for the Galactic Cen-
ter (which also have been plotted from 18 GeV up to
10 TeV), are shown in Fig. 12.
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FIG. 12: Super-K WIMP-induced upward muon flux limits
from Galactic Center as a function of neutralino mass along
with corresponding limit from MACRO.
V. COMPARISON WITH DIRECT DETECTION
EXPERIMENTS
Direct detection experiments seek to observe the keV
energy recoil in a low-background detector, when a
WIMP elastically scatters from a nucleus therein. On
the other hand, indirect detection experiments involve
a search for energetic neutrinos produced by annihila-
tion of WIMPs, which have been trapped in the center
of the Sun and the Earth. Rates for both techniques
depend primarily upon the WIMP-nucleon cross-section
and mass. It is possible to compare direct and indirect ex-
periments by making realistic assumptions about some of
the model-dependencies [58]. We sketch some of the de-
tails and outline how we obtain limits on WIMP-nucleon
cross-section using these results.
When one calculates the ratio of direct detection rates
to the flux of upward-going muons from WIMP annihi-
lation, the main model-dependent term which cannot be
canceled and depends on details of the SUSY spectrum
is in the quantity defined in Ref. [58] as ξ(mχ); this is the
second moment of the neutrino energy spectrum from a
given annihilation channel, scaled by the branching ratio
of WIMP to that annihilation channel:
ξ(mχ) =
∑
F BF [3.47 < Nz
2 >F,ν (mχ)
+2.08 < Nz2 >F,ν (mχ)].
(5)
Here, the sum is over all annihilation channels, F, avail-
able to any specific neutralino candidate, BF is the
branching ratio for annihilation, and < Nz2 > is the
scaled second moment of the neutrino energy spectrum
from final state F for a given neutralino mass. All other
terms are functions of only the neutralino mass and the
elastic scattering cross-section. As argued in Ref. [11],
an upper and lower bound can be estimated for ξ(mχ)
depending on the neutralino mass. For a WIMP heavier
than the top quark, the lower limit comes from annihi-
lation to gauge bosons. For WIMPs lighter than the W
boson, the lower limit comes from annihilation to bb¯, and
for intermediate mass WIMPs the lower limit comes from
annihilation to τ τ¯ pairs. Using these assumptions, max-
imum values of the ratio of direct to indirect fluxes have
been calculated for WIMPs with pure scalar couplings,
and for WIMPs with pure axial vector coupling. These
ratios have been plotted in Figure (2) of Ref [58]. In
comparing direct and indirect searches for scalar-coupled
WIMPs, the sum of WIMP-induced upward muon flux
from the Sun and the Earth has been taken into account,
whereas for WIMPs with axial vector couplings only the
WIMP-induced upward muon flux from the Sun has been
considered. To get a rough idea of the sensitivities of
the direct and indirect searches, the event rate in a 1 kg
Germanium detector is equivalent to the event rate in
104− 106 m2 of upward muon detector for a WIMP with
scalar couplings, and the event rate in a 50-gm hydrogen
detector is roughly same as that in a 10− 500 m2 muon
detector. Using the maximum inferred ratios of direct to
indirect detection rates, we can compare our results with
those from direct detection experiments as we shall de-
scribe below. Before that we shall briefly describe results
from some of the direct dark matter detection experi-
ments.
The DAMA experiment at Gran Sasso has claimed that
their data, collected over 7 annual cycles corresponding
to 107731 kg.day exposure, contain an annual modulation
which is consistent with the possible presence of scalar-
coupled WIMPs [59, 60], with the best fit values being :
Mw = 52 GeV and σp = 7.2 × 10
−6 pb using standard
8astrophysical assumptions [59]. The CDMS [61, 62, 63,
64] and EDELWEISS [65] experiments, which employ Ge
and Si detectors, and the ZEPLIN [66] experiment, which
uses liquid Xe, do not see any WIMP signal. They rule
out most or all of the DAMA allowed region at more than
99% CL.
Using the maximum inferred ratio of the direct-to-
indirect detection rates, we get conservative model inde-
pendent limits on neutralino-nucleon spin-independent as
well as spin-dependent cross-sections (on protons) from
the Super-K flux limits, and compare them with the re-
sults of direct-detection experiments, since we have ob-
tained 90% CL upper flux limit.
To get limits on the WIMP-nucleon cross-section for a
WIMP with scalar coupling, we first calculate the com-
bined WIMP flux limits from the Sun and the Earth as
a function of WIMP mass and solve the following equa-
tion to calculate the upper limit on WIMP-nucleon cross-
section:
Max Ratio (M) =
Direct Detection Rate ( M, σ )
Super-K limit (M)
(6)
where the quantity on the left is the maximum calculated
ratio of direct to indirect detection rates for a WIMP with
scalar coupling, and the numerator on the right hand
side indicates the event rate in a direct detection exper-
iment as a function of WIMP mass and cross-section.
The denominator on the right hand side is the combined
Super-K limit from the Sun and the Earth as a func-
tion of WIMP mass. To obtain the combined flux limit,
we first calculate the total number of observed events
for each WIMP mass. This is done by adding the ob-
served number of events in the corresponding cone which
contains 90% of the flux for a given mass from the Sun
and the Earth, after scaling for their different exposures.
The same procedure is used to obtain the total expected
background. Using this, we obtain the 90% CL flux limit,
which is then scaled by the cone collection efficiency. We
then evaluate the direct detection rate at a given value of
WIMP mass and cross-section, using an exponential form
factor [67], and using values for the WIMP halo density
and mean velocity from Ref. [61]. Thus, for each value of
WIMP mass, using the combined Super-K flux limit, the
direct detection rate, and the maximum expected ratio
for the direct to indirect detection rate, Eqn. 6 is solved
for σ to get the 90 % upper limit on the WIMP-nucleon
cross-section. These Super-K upper limits on WIMP-
nucleon scalar cross-section are shown in Fig.13 along
with CDMS [64], EDELWEISS [65], ZEPLIN [66] upper
limits, and DAMA [59] best fit region. The dip around
a WIMP mass of 56 GeV occurs because of an enhance-
ment in the WIMP capture rates in the Earth caused by a
resonance due to WIMP mass matching that of iron [48],
whose abundance in the Earth is about 30% [23]. There
are two discontinuities in the Super-K limits on WIMP-
nucleon cross-section in Fig. 13. The first discontinuity
occurs at around 80 GeV and the other occurs at around
174 GeV. The reason for this is that these limits have
been calculated assuming a lower limit for ξ(M), where
ξ is defined in Eqn. 5. For WIMPs more massive than
the top quark (with mass of around 174 GeV), the lower
limit is given byWIMP annihilation to gauge bosons, and
for WIMPs less massive than the top quark, the lower
limit is given by WIMP annihilation to tau leptons. This
continues until the WIMP mass is less than the W bo-
son mass at around 80 GeV, below which the lower limit
comes from WIMP annihilation to bb¯ pairs. The Super-K
limits rule out a significant portion of the WIMP param-
eter space favored by the DAMA experiment with a very
different technique.
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FIG. 13: Super-K 90 % CL exclusion region in WIMP pa-
rameter space (solid line) for a WIMP with scalar coupling
obtained using limits on WIMP-induced muons from the Sun
and the Earth. Also shown are the DAMA 3σ allowed region
(filled), 90 % CL exclusion region from CDMS (dot-dashed),
EDELWEISS (dashed), and ZEPLIN (dotted).
To get limits on WIMP-proton spin-dependent cross-
section, we carried out the same exercise as above, this
time using only the limits from the Sun in the denom-
inator of Eqn. 6, and using the maximum inferred ra-
tio for direct-to-indirect detection rates with axial-vector
couplings on the left hand side of Eqn. 6. The Super-
K limits on WIMP-proton cross-section are shown in
Fig. 14 along with limits from other direct experiments
like UKDMC [70] and ELEGANT-V [71] experiments.
The reason for the jumps around 80 GeV and 174 GeV
is the same as that for the limits on WIMP-nucleon
scalar cross-section. The Super-K limits on WIMP-
proton cross-section are about 100 times more sensitive
than those from direct detection experiments. Also a
limit on WIMP-proton spin-dependent cross-section us-
ing earlier Super-K limits from the Sun [68] has been
done in Ref. [69], which showed that the annual modula-
tion seen in DAMA cannot be because of a WIMP with
axial vector coupling to a proton, since this is ruled out
by null searches for WIMP-induced annihilations in the
Sun from Super-K and other upward muon detectors.
It must be cautioned that these limits on WIMP-
nucleon cross-section depend on the maximum expected
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with corresponding 90 % CL exclusion limits from UKDMC
(dashed) and ELEGANT (dot-dashed).
ratio of direct-to-indirect detection rates evaluated in
Ref. [58]. These calculations give a rough idea of ex-
pected sensitivities of upward muon detectors as com-
pared to direct detection experiments. For WIMPs with
significant annihilation branching ratio to pure Higgs
bosons or gluons, the ratio could fall outside the indicated
range [58]. Also, in the comparison of direct and indirect
detection rates, oscillations of neutrinos produced from
WIMPs is not taken into account [72, 73]. Furthermore,
the ratio does not include contribution from the proposed
bound solar system population of WIMPs [74, 75]. All
these effects could change the limits from what we have
evaluated. However, by using the maximum expected
value for the estimated ratio of direct to indirect detec-
tion rates in Ref. [58] we have obtained conservative lim-
its on WIMP-nucleon cross-section.
VI. CONCLUSIONS
We have looked for indirect signatures of dark matter
using 1892 neutrino-induced upward through-going muon
events by looking for an excess in the direction of the
Sun, the Earth, and the Galactic Center. We looked for
an excess of upward muons over atmospheric neutrino
background close to the centers of the above bodies. No
statistically significant excess was seen.
Flux limits were obtained for various cone angles
around these potential sources, and compared with previ-
ous estimates by other detectors. These flux limits were
calculated as a function of the WIMP mass.
Then, using model-independent comparison of fluxes
of direct to indirect detection rates obtained in Ref. [58],
we obtained limits on WIMP-nucleon cross-section for a
WIMP with both scalar as well as axial-vector couplings.
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